The anaerobic metabolism of phthalate and other aromatic compounds by the denitrifying bacterium Pseudomonas sp. strain P136 was studied. Benzoate, cyclohex-1-ene-carboxylate, -2-hydroxycyclohexanecarboxylate, and pimelate were detected as predominant metabolic intermediates during the metabolism of three isomers of phthalate, m-hydroxybenzoate, p-hydroxybenzoate, and cyclohex-3-ene-carboxylate. Inducible acyl-coenzyme A synthetase activities for phthalates, benzoate, cyclohex-1-ene-carboxylate, and cyclohex-3-ene-carboxylate were detected in the cells grown on aromatic compounds. Simultaneous adaptation to these aromatic compounds also occurred. A similar phenomenon was observed in the aerobic metabolism of aromatic compounds by this strain. A new pathway for the anaerobic metabolism of phthalate and a series of other aromatic compounds by this strain was proposed. Some properties of the regulation of this pathway were also discussed.
Anaerobic metabolism of aromatic compounds by bacteria is regarded as a quite different process from general aerobic metabolism. The occurrence of anaerobic utilization of aromatic compounds has been reported for several bacterial cultures (7) ; however, only a few pathways were proposed for the anaerobic metabolism of aromatic compounds on the basis of biochemical evidence.
Especially for denitrifying bacteria, there had been only one instance in which a pathway was proposed: that of the anaerobic metabolism of benzoate by Moraxella sp. (24) . Although several cultures of denitrifying bacteria have been shown to utilize benzoate and its derivatives anaerobically (5, 19, 22) , the metabolic pathways occurring in such bacteria have not been studied with emphasis on biochemical aspects.
The bacterial strains mentioned above failed to utilize phthalate under anaerobic conditions, and little is known about the anaerobic metabolism .of phthalate. It is well known that phthalate is metabolized aerobically via a pathway which is quite different from that for benzoate utilization (9) . However, the anaerobic metabolic pathway of phthalate is still unclear. Although two strains of denitrifying bacteria have been recently reported to utilize phthalate anaerobically denitrification with phthalate (1) and positive growth on phthalate (5) have been only briefly described. These investigations lacked detailed biochemical studies on the metabolic intermediates, and there had been little information about the pathway based on the substantial experimental evidence on the anaerobic metabolism of phthalate.
We have isolated a soil denitrifying bacterium, Pseudomonas sp. strain P136, which utilizes phthalate and various other aromatic compounds under anaerobic conditions (17) . In this report we describe the biochemical studies and propose a new pathway for the anaerobic metabolism of phthalate and a series of other aromatic compounds by Pseudomonas sp. strain P136.
MATERIALS AND METHODS
Organism and cultivation. The organism, Pseudomonas sp. strain P136, was originally isolated from garden soil by * Corresponding author.
selective enrichment for the anaerobic utilization of ophthalate by nitrate respiration. Strain P136 was cultivated under aerobic and anaerobic conditions in basal medium containing appropriate substrates, and cell suspensions for the biochemical studies were prepared as described previously (17) .
Isolation of metabolic intermediates. For the anaerobic accumulation of metabolites, reactions were carried out in a series of 25-ml Thunberg tubes. The main compartment of each tube contained 5 ml of cell suspension in the basal medium without a carbon source. The side arm contained 1 ml of the solution of carbon source. The final concentration of carbon source was 2 g/liter under standard conditions. The tubes were evacuated and filled with pure nitrogen three times and incubated at 30°C on a reciprocal shaker. Reaction was started by mixing the contents in the main compartment and the side arm.
At intervals the tube was opened, and the reaction was terminated by adding a drop of toluene and 0.1 ml of 1 N HCI to the reaction mixture. The reaction mixture was then centrifuged, and the resultant supernatant was extracted twice with equal volumes of diethyl ether. The ether extracts were combined, dried with anhydrous Na2SO4, and concentrated with a rotary evaporator under reduced pressure. The residue was dissolved in small amount of diethyl ether and analyzed by thin-layer chromatography (TLC) and gas chromatography (GC).
For the aerobic accumulation of metabolites, the reaction was carried out in a series of 50-ml Erlenmeyer flasks containing 5 mnl of cell suspension in the basal medium without carbon source or nitrate. The flasks were incubated on a reciprocal shaker at 30°C under air. Reaction was started by addition of the carbon source to the cell suspension. Other procedures for the extraction and preparation of samples were the same as described above.
Identification of metabolic intermediates. Isolated compounds were analyzed and identified by TLC and GC analyses; general procedures were used (6, 24 GC analysis was performed with a Shimadzu GC-4B PFT gas chromatograph equipped with a flame ionization detector. Samples from the ether extracts and preparative TLC were methylated with diazomethane (23) . For the separation and identification of various compounds, stainless-steel columns (3 mm by 1.5 m) with the following two different stationary phases were used: (i) 10% Carbowax 20M on Shimalite W (60/80 mesh), and (ii) 5% diethylene glycol succinate on Chromosorb W.AW (60/80 mesh). The operation was isothermal at 140°C for the first stationary phase. For the second stationary phase, the temperature was increased from 100 to 140°C at 2°C/min. Nitrogen was used as a carrier gas at a flow rate of 40 ml/min. Identification and determination of separated compounds were performed with a Shimadzu Chromatopac ElA digital integrator and authentic standards.
In some experiments, compounds were separated. by preparative TLC and analyzed by mass spectrometry. Mass spectrometry analysis was performed with a Hitachi M-52 mass spectrometer with sample injector RT-150 at 70 eV.
Preparation of cell extracts. Cells were harvested from the culture and washed once with the basal medium without carbon source and nitrate. Washed cells were suspended in 0.1 M Tris hydrochloride buffer (pH 7.7) and broken with an ultrasonic disintegrator (Otake Co.) for 2 mmn at 20 kHz and 150 W. The resultant extract was centrifuged at 104 x g for 60 min at 4°C. The supernatant was used as a cell extract for various enzyme assays. For acyl coenzyme A (acyl-CoA) synthetase assays, cell extracts were prepared with the buffer containing 1% (wt/vol) Triton X-100 and 0.0J M 2-mercaptoethanol.
Protein was usually determined by the method of Lowry et al. (15) , with bovine serum albumin as the standard. The method of Hartree (10) was used for the samples containing Triton X-100.
Enzyme assays. Acyl-CoA synthetase was assayed by the hydroxamate method of Overath et al. (18) as modified by Blakley (3). Catechol 1,2-dioxygenase (12), catechol 2,3-dioxygenase (16), protocatechuate 3,4-dioxygenase (20) , and protocatechuate 4,5-dioxygenase (14) were assayed spectrophotometrically. These enzymes were also assayed by measuring the oxygen consumption with a Clark-type oxygen electrode.
Chemicals. Cyclohex-1-ene-carboxylic acid was prepared as described by Dutton and Evans (6) . 2-Oxocyclohexanecarboxylic acid and 2-hydroxy-cyclohexanecarboxylic acid were prepared as described by Gardner et al. (8) . These compounds were purified by repeated recrystallization. Cyclohexanecarboxylic acid and cyclohex-3-ene-carboxylic acid were obtained from Tokyo Chemical Industry Co. All other chemicals used in the experiments were reagent grade.
RESULTS
Anaerobic metabolism of aromatic compounds by cells grown on o-phthalate. Cells were grown on o-phthalate and nitrate under anaerobic conditions. The anaerobic metabolism of aromatic compounds was examined with suspensions of these cells. these compounds corresponded to cyclohex-1-ene-carboxylate, benzoate, pimelate, and residual o-phthalate. GC analysis of the methyl esters of these compounds confirmed the results of TLC analysis. Another minor compound was also detected in the ether extracts by GC analysis and identified as 2-hydroxycyclohexanecarboxylic acid. This compound was also separated by preparative TLC by increasing the amount of the sample 20-fold. Mass spectrometry analysis of cyclohex-1-end-carboxylate and 2-hydroxycyclo-hexanecarboxylate from preparative TLC also confirmed the identification of these compounds, in good agreements with previous data (21) . Figure 1 zoate. Figure 2 shows the time course of the accumulation of these metabolic intermediates during the anaerobic metabolism of benzoate.
(iii) Metabolism of m-hydroxybenzoate and p-hydroxybenzoate. During the anaerobic metabolism of m-hydroxybenzoate, benzoate and cyclohex-1-ene-carboxylate were detected. Subsequently, 2-hydroxycyclohexanecarboxylate accumulated and then gradually disappeared. Pimelate was later detected (Fig. 2b) . Similar results were obtained when p-hydroxybenzoate was used as a substrate.
(iv) Metabolism of cyclohex-l-ene-carbocylate. In experiments with cyclohex-1-ene-carboxylate as a substrate, accumulation of 2-hydroxycyclohexanecarboxylate and pimelate was observed. 2-Hydroxycyclohexanecarboxylate immediately accumulated in relatively large amounts. Pimelate was also detected from the initial 15 mnin of the metabolism (Fig.  2c) .
(v) Metabolism of cyclohex-3-ene-carboxylate. When cyclohex-3-ene-carboxylate was used as a substrate, benzoate was initially detected in the reaction mixture. Later, cyclohex-1-ene-carboxylate and pimelate accumulated (Fig. 2d) . Accumulation of considerable amounts of benzoate was in contrast with the situation during cyclohex-1-ene-carboxylate metabolism. Accumulation of metabolic intermediates was also examined by using the cell suspension under aerobic conditions. Detection of acyl-CoA synthetase activities. The participation of CoA esters in the aerobic metabolism of alicyclic compounds has been reported for some aerobic bacteria (3, 4). It has also been documented that the CoA-mediated reductive pathway occurs in the anaerobic photometabolism of benzoate by Rhodopseudomonas palustris (13) .
To investigate the biochemical pathway for anaerobic metabolism of aromatic compounds by Pseudomonas sp. strain P136, we examined acyl-CoA synthetase activities for aromatic substrates by using various cell preparations. of phthalates (I, II, and III) is the formation of CoA esters of these compounds (V, VI, and VII) and subsequent decarboxylation to form benzoyl-CoA (XII). This is in contrast with aerobic metabolism of these compounds, in which phthalate and benzoate are known to be metabolized through different pathways (9) . Although Aftring and Taylor have suggested the possibility of involvement of benzoate as a metabolic intermediate in the anaerobic utilization of phthalate by Bacillus spp.
(1), the present study represents the first direct evidence of the conversion of phthalates to benzoyl-CoA in the anaerobic metabolism of phthalates. The participation of CoA esters in the anaerobic metabolism of aromatic compounds has been established for photosynthetic bacteria (6, 13) . On the other hand, Williams and Evans have proposed a pathway which does not involve CoA esters for the anaerobic metabolism of benzoate through denitrification by Moraxella sp. (24) . Recently, the occurrence of inducible benzoyl-CoA synthetase has been reported during the anaerobic degradation of 2-fluorobenzoate by a denitrifying bacterium (19) ; however, little is known about the participation of CoA esters in the metabolism of other aromatic compounds by denitrifying bacteria. In the present study, we have detected acyl-CoA synthetase activities in the extracts of phthalate-grown cells. These activities were lower than the values expected from the rates of substrate consumption by living cells. This may be caused by incomplete extraction of enzymes. However, the appear- ance of inducible acyl-CoA synthetase in the metabolism of phthalates was evident. These results represent the first evidence of the participation of CoA esters in the anaerobic metabolism of phthalates. It has been reported that the conversion of cyclohex-3-ene-carboxylate (Fig. 3, IV) to the aromatic benzoate occurs as a result of participation of CoA esters in the aerobic metabolism of this compound (4). Although we have not detected 1,4-cyclohexanedienecarboxylate as an intermediate during this conversion, our results suggest the presence of this pathway in the anaerobic metabolism of cyclohex-3-ene-carboxylate by denitrifying bacteria.
In contrast with other substrates, no acyl-CoA synthetase activity was detected with m-hydroxybenzoate (IX) and p-hydroxybenzoate (X) as substrates (Table 3) . It has been reported that the concentrations of hydroxylamine in the hydroxamate assay affect the results (11) . Although the assays were performed with various concentrations of hydroxylamine, no activity was detected. The appearance of benzoate (XI) as the first predominant intermediate suggests the conversion of these compounds to benzoate in their free form. The presence of benzoyl-CoA synthetase in m-hydroxybenzoate-grown cells (Table 3) indicates that the free benzoate derived from these hydroxybenzoates is converted to benzoyl-CoA and metabolized through the same pathway as other aromatic compounds.
The reductive pathways for the anaerobic metabolism of benzoate have been proposed by several investigators. For photosynthetic bacteria, Hutber and Ribbons have described the pathway which involves the photoreduction of benzoate to cyclohexanecarboxylate and the subsequent alicyclic ring fission to produce pimelate with the participation of CoA esters (13) . For denitrifying bacteria, Williams and Evans have described the pathway without the participation of CoA esters (24) . This pathway also involves the decarboxylation step to produce adipate. For Pseudomonas sp. strain P136, the experimental results suggested the occurrence a different reductive pathway. Cyclohexanecarboxylate was neither utilized nor detected as a metabolic intermediate by this strain. Also, the subsequent appearance of metabolic intermediates indicated the involvement of the CoA esters of cyclohex-1-ene-carboxylate (XIV), 2-hydroxycyclohexanecarboxylate (XV), and pimelate (XVII) in the sequence as metabolic intermediates. These results represent the first occurrence of the unique reductive pathway for the anaerobic metabolism of phthalate and other aromatic compounds in denitrifying bacteria. Several characteristic properties of the regulation of this pathway were also represented in the present study. Cells grown on one of the aromatic compounds also metabolized other aromatic compounds through the same metabolic intermediates without a lag period (Tables 1 and 2; Fig. 2) . Likewise, acyl-CoA synthetase activities for a similar range of substrates were detected (Table 3) . These results suggest that the enzymes involved in this pathway are under coordinate regulation. Simultaneous adaptation to various substrates in the CoA-mediated alicyclic ring fission has been reported to occur in several aerobic bacteria (2, 3). However, little is known about the occurrence of such regulations in the anaerobic metabolism of aromatic compounds.
Another characteristic property on the regulation of this pathway was the operation of the pathway under aerobic conditions in this strain. The inhibitory effect of air on the reductive metabolism of benzoate has been reported for photosynthetic bacteria (6) and denitrifying bacteria (24 On the other hand, the metabolic intermediates detected during the aerobic metabolism of aromatic compounds were the same as for anaerobic metabolism (Table 2) . Likewise, acyl-CoA synthetase activities for aromatic substrates were also detected in the cells grown under aerobic conditions (Table 4 ). The most probable explanation of this phenomenon is that Pseudomonas sp. strain P136 is rather tolerant to aerobic environments, since excess oxygen inhibited the aerobic metabolism of aromatic compounds by this strain. For example, bubbling of pure oxygen into the aerobic culture completely inhibited the utilization of aromatic compounds (data not shown). However, this tolerance may be sufficient to operate the reductive pathway in this strain. The results described above are in agreement with the observations in physiological studies on this strain (17) .
In conclusion, we consider that the present work represents the first demonstration of the biochemical pathway for the anaerobic metabolism of phthalate and a series of other aromatic compounds by denitrifying bacteria. Further studies on this pathway await the characterization of enzymes involved in this process. 
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